Many investigators maintain that spermatozoa that have initiated the acrosome reaction (AR) before reaching the surface of the egg's zona pellucida (ZP) are unable to bind and penetrate the ZP. A recent study has revealed that most fertilizing mouse spermatozoa initiate the AR before contacting the ZP. We found that acrosome-reacted spermatozoa collected from the perivitelline space of Cd9-null mice (whose egg plasma membranes are incapable of fusing with spermatozoa) were able to pass through both the cumulus and ZP of WT mouse eggs and produced live offspring. This means that the spermatozoa we used had the ability to pass through the ZP at least twice. Apparently, some spermatozoa that had undergone the AR long before contact with the ZP remained capable of crossing the ZP and fertilizing eggs. Thus, the concept that acrosome-reacted spermatozoa are unable to bind to the ZP and have lost their fertilizing capacity must be reconsidered.
Many investigators maintain that spermatozoa that have initiated the acrosome reaction (AR) before reaching the surface of the egg's zona pellucida (ZP) are unable to bind and penetrate the ZP. A recent study has revealed that most fertilizing mouse spermatozoa initiate the AR before contacting the ZP. We found that acrosome-reacted spermatozoa collected from the perivitelline space of Cd9-null mice (whose egg plasma membranes are incapable of fusing with spermatozoa) were able to pass through both the cumulus and ZP of WT mouse eggs and produced live offspring. This means that the spermatozoa we used had the ability to pass through the ZP at least twice. Apparently, some spermatozoa that had undergone the AR long before contact with the ZP remained capable of crossing the ZP and fertilizing eggs. Thus, the concept that acrosome-reacted spermatozoa are unable to bind to the ZP and have lost their fertilizing capacity must be reconsidered.
A startling paper was published in 1984 by Kuzan et al. (1) , who reported that spermatozoa collected from the perivitelline space (PVS) of fertilized rabbit eggs were able to enter other unfertilized eggs, which subsequently developed into twocell embryos. This report, confirmed in the rabbit (2) but not in any other species, was largely ignored for two likely reasons. First, the report by Kuzan et al. (1) conflicted with a widely accepted concept that the fertilizing spermatozoon must begin its acrosome reaction (AR) on the zona pellucida (ZP) surface and that spermatozoa that have undergone the AR before contact with the ZP have lost their fertilizing capacity (3) (4) (5) . Second, rabbit fertilization is unusual; the ZP of rabbit eggs, unlike in most other species, remains penetrable by spermatozoa even after fertilization, such that many spermatozoa continue to enter the PVS. In other species, including the mouse, cortical granule materials released from the egg after sperm-egg fusion quickly alter the biochemical characteristics of the ZP, such that it becomes refractory to penetration by excess spermatozoa. Thus, we seldom encounter superfluous spermatozoa in the PVS of fertilized eggs in most species.
In the present study, two different methods were used to collect mouse spermatozoa from the PVS. First, we used transgenic (Izumo1 −/− ) male mice for mating. Spermatozoa of these mice are able to penetrate the ZP normally but are unable to fuse with oocytes (6) . Because the eggs remain unactivated, the ZP remains penetrable to spermatozoa and many spermatozoa continue to enter the PVS. Second, we used transgenic (Cd9 −/− ) mice whose eggs allow sperm passage through the ZP but not sperm fusion (7) (8) (9) . Thus, many superfluous spermatozoa accumulate in the PVS of these mice after natural mating or in vitro fertilization (Fig. 1A) . That all mouse spermatozoa in the PVS are acrosome-reacted has been documented by EM (10, 11) (Fig. 1B) and immunocytochemistry (6) . We report here that acrosome-reacted spermatozoa collected from the PVS of mouse eggs are able to fertilize fresh, cumulus-enclosed, zona-intact eggs. Furthermore, such fertilized eggs can develop into fertile offspring.
Results

When Izumo1
−/− spermatozoa collected from the PVS of WT (B6D2F1) female mice were mixed with fresh cumulus-enclosed eggs (B6D2F1) and examined 12 h later, 7% of the eggs were penetrated by spermatozoa (Table 1, Exp. I), indicating that some PVS spermatozoa were able to penetrate the ZP (Fig. 2D) .
A second experiment was performed using WT (B6D2F1) spermatozoa collected from the PVS of Cd9 −/− eggs. The results ( Table 1 , Exp. II) show that 16% of eggs were fertilized and developed into two-cell embryos (Fig. 2F) . Two pups were born after transfer of 15 two-cell embryos to seven surrogate mothers. One pup was cannibalized by the surrogate mother, but the other (female) survived ( Fig. 3 A and B) , grew normally, and gave birth to healthy pups (Fig. 3C ).
Discussion
This study shows that mouse spermatozoa in the PVS, like those in the PVS of fertilized rabbit eggs (1, 2) , are able to fertilize other cumulus-invested eggs. Moreover, some mouse eggs thus fertilized developed into fertile offspring. Importantly, some spermatozoa without any remnant of the acrosomal cap (Fig. 1B) are capable of passing through both the cumulus and ZP and can fertilize eggs that develop into normal fertile offspring (Fig. 3C) .
Obviously, not all PVS spermatozoa are fertile. In fact, only a few PVS spermatozoa could fertilize ( Table 1 ). The reason for this is not clear, but it is possible that some PVS spermatozoa we used for in vitro insemination had entered the PVS just a few minutes previously. Some others could have entered the PVS several hours before. The spermatozoa that maintained hyperactivated motility even after their release from the PVS are likely those that reentered the ZP of other eggs.
Whether mammalian spermatozoa penetrate the cumulus and ZP mechanically or by chemical means (12, 13) is still the subject of debate. According to Valdivia and Barros (2), 26% of rabbit spermatozoa collected from the PVS have acrosin activity in their heads (in equatorial and postacrosomal regions). They suggested that such spermatozoa are able to reenter the ZP with the aid of this residual acrosin. Even though spermatozoa from Acrosin-KO mice can fertilize eggs (14) , this enzyme and some other proteases (including PRSS21) on acrosome-reacted spermatozoa might work synergistically to assist sperm passage through the ZP (15) .
According to Saling et al. (16) , spermatozoa that undergo the AR before their contact with the ZP are unable to bind to it, and have therefore lost fertilizing potential. This was questioned by Jin et al. (17) , who inseminated mouse eggs in vitro, videorecorded them continuously, and analyzed all images retroactively to see which spermatozoa actually fertilized the eggs. They found that most fertilizing spermatozoa moving in the cumulus had initiated the AR (as judged by loss of a fluorescent marker for the acrosomal matrix) and then penetrated the ZP without spending much time on its surface. Some spermatozoa began the AR on the ZP, but they were the exceptions rather than the rule. In the present study, PVS spermatozoa that had completed their AR (10) (Fig. 1B) were able to fertilize normal mouse eggs (Fig. 2F) . Thus, the concept that acrosome-reacted spermatozoa are unable to bind to the ZP and have lost their fertilizing capacity must be reconsidered.
When rabbits and hamsters were mated and their eggs were examined during the process of fertilization using EM, spermatozoa with a reacted acrosomal carapace were seen on the ZP surface (also within the cumulus) (18, 19) . These spermatozoa must have begun to react before or after contact with the ZP. Although the native ZP certainly has the ability to accelerate or induce the AR (20) , it is no longer valid to consider only the ZPmediated AR as physiological. As shown in this paper, some acrosome-reacted spermatozoa are certainly capable of fertilizing ZP-intact eggs. The assumption that the acrosomal carapace, consisting of vesiculated membranes with their underlying partly dispersed acrosomal contents, is essential for sperm binding to the ZP binding is no longer valid.
Under natural conditions, some eggs must be fertilized soon after ovulation, whereas some others are fertilized much later. As long as the eggs can develop into normal offspring, fertilization is considered normal regardless of the postovulatory age of the egg itself. When mating occurs after ovulation, the cumulus oophorus surrounding the eggs might have become loosened by the time spermatozoa make contact. In contrast, when mating occurs before ovulation, some fertilizing spermatozoa might have begun their AR within the oviduct or during their passage through the cumulus. Because mating in humans can occur irrespective of the time of ovulation, some spermatozoa resident in the female tract for a long time may undergo their AR before meeting eggs. As long as eggs develop into normal offspring, fertilization by such spermatozoa can be considered physiologically normal regardless of the site and time of the sperm AR.
Materials and Methods
Animals. Izumo1-disrupted (Izumo1 −/− ) mice were produced as described (6) . Cd9-disrupted (Cd9 −/− ) mice were a generous gift from E. Mekada (Research Institute for Microbial Diseases, Osaka University, Japan) (7). Hybrid B6D2F1 and Institute of Cancer Research (ICR) male and female mice were purchased from CLEA Japan. All animals were >8 wk old when used. Experiments were performed with the approval of Osaka University's Animal Care and Use Committee. (16) 2 Exp., experiment; NA, not applicable (Izumo1 −/− spermatozoa cannot fuse with an egg).
*Five eggs in Exp. I had spermatozoa in their PVS, but none had spermatozoa within their cytoplasm; therefore, they were not fertilized. Fifteen eggs in Exp. II each had two pronuclei and two polar bodies and were truly fertilized.
Preparation of Eggs with Many Spermatozoa in the PVS.
In method I (Fig. 1) , WT (B6D2F1) female mice were induced to superovulate by consecutive injections of 5 IU of equine chorionic gonadotropin (eCG) and 5 IU of human chorionic gonadotropin (hCG) 48 h apart. At 12 h after the eCG injection (about the time of ovulation), female mice were allowed to mate with Izumo1 −/− male mice, whose spermatozoa are able to pass through the ZP but are unable to fuse with the oolemma (6). The formation of a vaginal plug was examined every 30 min after the female mice were caged with the male mice. When eggs were collected from the female mice 8 h after plug formation, many spermatozoa were moving actively within the PVS. In method II (Fig. 1) , Cd9 −/− female mice were injected similarly with eCG and hCG before mating with WT (B6D2F1) male mice. Eggs collected 8 h after plug formation contained many spermatozoa in the PVS because the oolemma in this strain is unable to fuse with any type of spermatozoon (7) (8) (9) .
Recovery of Spermatozoa from the PVS. Eggs collected from oviducts of mated female mice were freed from cumulus cells by a 5-min treatment with 0.01% (wt/vol) hyaluronidase (350 units/mL; Sigma-Aldrich) in Toyoda, Yokoyama, Hoshi (TYH) medium (21), rinsed with TYH, and transferred to a 4-μL droplet of fresh TYH under mineral oil in a Petri dish. A large hole was made in the ZP using a capillary pipette attached to a piezoelectric actuator (22) , and a small amount of the medium was injected into the PVS to flush out the spermatozoa ( Fig. 2 A and B and Movie S1). Many spermatozoa displayed vigorous (hyperactivated) movement before and after release from the PVS (Movie S1). To collect PVS spermatozoa for the insemination, 10-25 eggs were used.
In Vitro Insemination of Cumulus-Intact Eggs Using PVS Spermatozoa. Several cumulus-oocyte complexes were collected from the oviducts of B6D2F1 female mice 13 h after hCG injection. They were rinsed with TYH medium and transferred to a 4-μL droplet of TYH containing the spermatozoa released from the PVS. Because a mean of 5.5 spermatozoa was released from each of 10-25 eggs, the estimated sperm concentration in the medium was 1.4-3.1 × l0 4 per milliliter. Eggs were considered fertilized when two polar bodies and two pronuclei were seen 12 h after insemination (Fig. 2E) . Those reaching the two-cell stage were mixed with albino eggs and transferred to the oviducts of surrogate (ICR) mice that had been mated with vasectomized mice 0.5 d previously.
EM. Cd9
−/− eggs containing PVS spermatozoa were collected from oviducts 8 h after coitus with B6D2F1 male mice and prepared for transmission EM by immersion in 2.5% (wt/vol) glutaraldehyde in 30 mM Hepes buffer (pH 7.3) containing 100 mM NaCl and 2 mM CaCl 2 for 1 h at room temperature. Samples were then postfixed with 1% (wt/vol) OsO 4 for 1 h, dehydrated in graded ethanol series, embedded in Epon 812 through propylene oxide, and thin-sectioned with an average thickness of 70 nm. Sections were stained with 5% (wt/vol) uranyl acetate solution for 20 min, followed by treatment with 0.4% (wt/vol) lead citrate solution for 3 min, and then examined using a JEM-1011 electron microscope (JEOL) at 80 kV.
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